The stress and strain relationships for polycrystalline materials having tetragonal crystal system with [001] fibre texture, which are required for stress analysis by X-ray diffraction (XRD), were formulated within the framework of the Reuss model of elasticity. In formulating the relationships, two types of orientations of constituent crystallites in the specimen, which contribute to XRD, were shown to exist by taking into account the Laue classes of the crystallites. The formulae representing strains measurable by XRD were found to be different, depending on which the Laue class, 4/mmm or 4/m , the specimen belongs to, even though both Laue classes are in the tetragonal crystal system. The formula obtained for the Laue class 4/mmm shows that the profile observed by XRD is formed in a symmetrical shape so that the strain can be the average value of those for the two different types of crystallites. On the other hand, the formula for the Laue class 4/m shows that the profile is formed in an asymmetrical shape so that the strain can be determined by the magnitudes of the structure factors in the two different types of crystallites. Additionally, it is shown that some of the Debye-Scherrer lines change their widths with the measurement direction. The order of magnitude of such a line broadening is discussed for two materials, BaTiO3 and MgF2 .
Introduction
The characterization of semiconductor and ceramic thin films has become an important subject in numerous industries due to their broad range of applications. By way of example, BaTiO3 and MgF2 . are presented. The former material, which can be made into thin film of the perovskite structure, is used in functional devices because of the unique dielectric property, showing a prominent piezoelectric effect. BaTiO3 is a ferroelectric crystal belonging to the Laue class 4/mmm at room temperature. The thin film has a tendency to assume a fibre texture with [001] orientation in the polycrystalline form. Although there is a need for biaxial or triaxial stress analysis of thin films based on X-ray diffraction (XRD), such a study has not been reported, probably due to the lack of adequate formulae available at present.
Stress analysis of textured polycrystalline materials has been studied for more than twenty years. Stress analysis utilizing the symmetries of crystallites was studied by Brakman 1) and Penning and Brakman.
2)
However, the line broadening of XRD, which should be observed in textured materials, has not been discussed and such a study of stress analysis based on the constituent crystallites has not been reported for a long In the present paper, the author has extended the Y&H formulation so as to be applicable to the polycrystalline materials having tetragonal crystal system with We shall consider that anisotropic residual stress σ ij (i, j = 1, 2, 3) exists in a polycrystalline specimen having tetragonal crystal system with [001] fibre texture. In another parameter β, which is the angle around the X3 -axis expressed in such a way that β −ϕ = β0 . Once a Debye-Scherrer line is selected for measurement, one
can easily see that ψ and β are given by reciprocal lattice vectors H1, H3 and scattering vector Khkl as follows :
The strain ε L 33 (β , ϕ, ψ ) induced in a crystallite in the specimen is given by a linear function of the stress components σ ij applied due to the generalized Hooke's law (Hauk 7) ).
where Spqrs are the elastic compliance constants expressed in the tensor notation (Nye 8) ) and ω ij and π ij are the components of two transformation matrices, ω ω from Pi to Li and π π from Xi to Pi, as depicted in Fig. 2 There are also eight reflections (i.e., hkl, h − kl Laue class 4/mmm and the Laue class 4/m can be derived by taking into account Eqs. (4) and (5) and Eqs. (9) for the Laue class 4/mmm shows that a split of peaks, Δ 2θ (β, ϕ, ψ)4/mmm, consists of three stress terms : a term, σ22 − σ11, which is proportional to the deviation from the homogeneous stress, depending on sin2ϕ sin 2 ψ, a shearing stress term, σ12, depending on cos2ϕ sin2ψ and one more shearing stress term, σ23 cosϕ + σ13 sinϕ, depending on sin2ψ. On the other hand, Eq. (10) for the Laue class 4/m shows that a split of peaks, Δ 2θ (β, ϕ, ψ)4/m, also consists of the three stress terms, σ22−σ11, σ12 and σ23 cosϕ +σ13 sinϕ , however, contribution from s16 comes into the coefficient of σ22 − σ11 as well as that of σ12, depending on cos2ϕ sin 2 ψ and sin2ϕ sin 2 ψ, respectively. As predicted above, the peak shifts derived from Eqs. (9) and (10) correspond to the difference between strains induced in the crystallites in type I orientations and those in type II orientations so that they are not expected to be large. Thus, rather than separate peaks, the broadening of Debye-Scherrer line could be seen, within the intrinsic line broadening. An interesting point to be marked here is in the fact that this broadening is strongly dependent on the measurement direction, ϕ. Its order of magnitude will be shown in the next section.
1 Laue class 4/mmm
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2 Order of magnitude of line broadening
In order to see the magnitude of broadening of DebyeScherrer line under triaxial stress, the peak shifts Δ 2θ (β, ϕ, ψ) were calculated on the basis of Eq. 
Debye-Scherrer lines, a systematic broadening with increasing 2θ under a uniform stress is well known for polycrystalline materials ; that is Hall's method, which derives the line broadening from the grain size and the stress (Hall 12) ). The present line broadening is partly related to this general idea, where this theoretical treatment tells us that the two types of distortions among crystallites could be induced if a polycrystalline specimen having tetragonal crystal system with [001] preferred orientation is subject to the uniform biaxial or triaxial stress.
The difference of the current idea from the above is apparent: the present result is obtained as a consequence of crystallographic consideration of constituent crystallites under uniform stress and it has the special characteristics mentioned above. However, the idea about the Hall's method arises from the interpretation of such experimental evidence that the systematic line broadening is observed with increasing diffraction angle 2θ for polycrystalline materials.
In the present study the materials having tetragonal The author would like to mention that this study was supported by the Rigaku Corporation.
